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Neuroattenuated variants of mouse hepatitis virus type 4 (MHV-4) selected for resistance to neutralizing
monoclonal antibodies (R. G. Dalziel, P. W. Lampert, P. J. Talbot, and M. J. Buchmeier, J. Virol.
59:463-471, 1986) were found to harbor large deletions in both mRNA 3 and its protein product, the
180-kilodalton virion spike (S) glycoprotein. By using antipeptide antibodies directed against selected portions
of the chain, deletions were mapped to the middle of the amino-terminal Sl fragment, one of the two
posttranslational cleavage products of S, and involved omission of 15 kilodaltons of protein. Deletion mutants
could be selected only after multiple passage of virus through cultured cell lines; minimaHly passaged MHV-4
stocks contained putative point mutants selectable by neutralizing monoclonal antibodies but no deletions.
Enhanced growth of deletion mutants relative to wild-type virus was observed in four cell lines used for virus
propagation and was attributed to delayed and diminished cytopathic effects that allowed cultures to support
virus production for prolonged periods. This hypothesis was reinforced by the finding that no selective
advantage for the deletion mutants was observed in two cell lines resistant to virus-induced cytopathic effects.
These results indicate that the passaging of MHV-4 in culture generates heterogeneity in S structure and
eventually selects for rare neutralization-resistant deletion mutants with decreased virulence properties.

Mouse hepatitis virus type 4 (MHV-4; strain JHM) is a
neurotropic member of the family Coronaviridae. Intracere-
bral inoculation of mice with this virus typically results in a
rapidly fatal encephalomyelitis (1). Variants of MHV-4,
however, have been generated by chemical mutagenesis
(11), growth in persistently infected cell culture (2, 12), and
multiple passage in mouse brain (31). The resulting variants,
selected for temperature sensitivity (11) or small-plaque
morphology (31), were often found to be attenuated in
murine hosts. In most cases, infection with these mutants
leads to a chronic sublethal demyelinating disease without
encephalitis (11, 16).
The correlation of genetic lesions on these variants with

neuroattenuation has been hampered by selection methods
that did not restrict the range of mutations to a single viral
gene. However, multiple libraries of neutralizing monoclonal
antibodies directed against the 180-kilodalton (kDa) spike
glycoprotein (S; formerly termed E2) of MHV-4 have been
prepared (8, 38, 39), and these have served as selecting
agents in the isolation of naturally occurring neutralization-
resistant variants. Three separate studies addressing the
selection and relative pathogenicity of these neutralization-
resistant variants have shown that they possess a neuroat-
tenuation phenotype similar to that seen with previously
isolated variants (7, 9, 40).
Although these studies showed that at least one determi-

nant associated with neurovirulence of MHV-4 was present
on S, they did not further define its location within the
protein. Accumulated facts pertaining to the structure of
coronavirions did, however, provide clues as to its position.
S is known to comprise the characteristic spikes projecting
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20 nm from the virion envelope. These spikes, which are
thought to be dimers or trimers of S (5), serve as ligands in
virus-cell receptor binding (6, 33) and when expressed on the
cell surface have fusogenic activity that results in syncytium
formation and recruitment of cells into the infection cycle (6,
10). In contrast to S, the virion matrix glycoprotein M is
largely embedded within the membrane, and phosphoprotein
N (nucleocapsid) remains associated with the internal 26-
kilobase RNA genome (33). The 180-kDa S chain is cleaved
posttranslationally into two 90-kDa fragments termed Sl and
S2, previously termed 90B (Si) and 90A (S2) (34). Both
biochemical and amino acid sequence information has sug-
gested that the carboxy-terminal S2 fragment is an integral
membrane protein that comprises the stalk portion of the
spikes, whereas the amino-terminal Si is a peripheral frag-
ment that likely makes up the apices of the peplomers (29).
S is the most polymorphic of the three virion proteins (37),
and comparative analyses of the known amino acid se-
quences of S from MHV strains A59 (21) and JHM (28) have
shown that this heterogeneity is heavily represented in S1. In
addition, the sequence comparison revealed 89 amino acid
residues within Si that were unique to strain A59. Thus,
because of its surface exposure and relative polymorphism,
fragment Si seemed the most likely site for the various
neutralizing epitopes correlated with neurovirulence.
Here we report on the genotype and phenotype of neutral-

ization-resistant and neuroattenuated variants of MHV-4.
We have found that these variants are indeed altered in the
Si posttranslational fragment. They comprise a class of
deletion mutants of wild-type MHV-4 that lack an estimated
150 amino acids from the middle of Si. These mutants were
found at high frequencies only in in vitro-passaged stocks of
MHV-4 and possessed reduced in vitro cytotoxicity which
we propose is a result of a lower capacity of the deletion
mutants to fuse susceptible cells.
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MATERIALS AND METHODS

Cells. Six murine cell lines were used in this study; Sac-
(rhabdomyosarcoma), DBT (astrocytoma), C1300, Neuro
2A (two peripheral neuroblastomas), and OBL 21 and OBL
21A (two central nervous system-derived neuronal cultures).
Sac- and DBT cells were obtained from M. M. C. Lai
(University of Southern California, Los Angeles). C1300 and
Neuro 2A cells were obtained from the American Type
Culture Collection, Rockville, Md. OBL 21 and OBL 21A
cells were a gift of C. Cepko (Harvard University, Cam-
bridge, Mass.). All cell lines were grown as adherent mono-

layer cultures at 37°C. Growth medium was Dulbecco min-
imal essential medium supplemented with either 8% calf
serum for DBT and Sac- cells or 10% fetal calf serum for
C1300, Neuro 2A, OBL 21, and OBL 21A cells.

Viruses and infection. Two strains of MHV were used:
MHV-4, originally obtained from L. Weiner (41), and MHV
A59, which was obtained from the American Type Culture
Collection. All stocks used represented the progeny from a

single plaque. Infections of cell cultures with these viruses
were performed as described previously for infection of Sac-
cells with MHV A59 (33). Briefly, virus was absorbed to 90%
confluent monolayers for 1 h at 37°C in growth medium.
Unattached inoculum was then removed and replaced with
fresh growth medium, and progress of infection was moni-
tored by examination of syncytium development. At the
indicated times after inoculation, virus-containing extracts
were prepared by three freeze-thaw cycles (-70 to +20°C).
Debris was then removed by low-speed centrifugation (5,000
x g for 15 min at 5°C), and the resulting clarified extracts
were stored at -70°C. Infectivity in the extracts was deter-
mined by plaque titration on DBT cells. Where indicated,
passaged stocks of MHV-4 were subjected to an additional
three cycles of plaque purification on DBT cells, and virus
from the final well-isolated plaque was amplified in Sac- cells
as described above to generate a fresh working virus stock.

Selection of MAb-resistant variants. The monoclonal anti-
bodies (MAbs) used were generated in this laboratory (6),
and their properties have been described elsewhere (38).
Original (1986) MAb-resistant variants were selected as
described previously (7), and newly selected (1989) variants
were obtained similarly, with minor modifications. In brief,
1-ml stocks of MHV-4 containing 106 PFU were mixed with
an equal volume of MAb ascites fluid diluted 10-fold in
growth medium and incubated for 1 h at 22°C. The virus-
MAb mixture was then used to inoculate DBT cell monolay-
ers. After 1 h at 37°C, inoculum was removed and replaced
with medium containing a 1:50 dilution of ascites fluid. After
24 h, the foci of infection, which often occupied extremely
small areas involving only 10 to 20 cells, were pooled into a

single clarified freeze-thaw extract and subjected to two
additional rounds of neutralization and amplification as
described above. The resulting neutralization-resistant virus
populations were stored at -70°C as clarified extracts.
Variants are designated according to the selecting MAb used
(MAb 5A13.5 or 4B11.6) and the year of isolation (1986 [86]
or 1989 [89]). Plaque-purified isolates from the 1986 selec-
tions are indicated by clone numbers (i.e., VSA13.1, -.2, -.3,
etc.). Variants known to have deletions are designated by A;
those without a A are candidate point mutants.

Infection of mice. BALB/c Byj mice were obtained from
the Scripps Clinic breeding facility at 6 weeks of age and
inoculated intracerebrally with virus (1,000 PFU) in a vol-
ume of 0.05 ml of phosphate-buffered saline. At various
times after infection, brains were aseptically removed,

weighed, and immediately homogenized in phosphate-
buffered saline, using a dispersing tool spinning at 10,000
rpm for 30 s. Infectious virus in the resulting 10% (wt/vol)
brain suspensions was titrated on DBT cell monolayers, and
plaques were counted 3 days later.

Northern (RNA) blot analysis. Total cytoplasmic RNA
from infected Sac- cell monolayers was harvested after 80%
of cells were involved in syncytia. At this time, cell mono-
layers were rinsed twice with 0.85 M NaCl and then sus-
pended in TNE (10 mM Tris hydrochloride [pH 7.0], 100 mM
NaCl, 1 mM EDTA) containing 0.5% Nonidet P-40 (NP-40),
to 106 cells per ml. After vigorous pipetting to homogenize
the lysates, nuclei were immediately pelleted (14,000 x g for
2 min), and cytoplasmic supernatants were mixed with an
equal volume of TNE-saturated phenol. After two extrac-
tions with phenol and one with chloroform, RNA was
ethanol precipitated, suspended in water, and quantitated
spectrophotometrically.

Electrophoresis of RNA was performed as described
previously (24) in 1.5% agarose gels containing MOPS buffer
(20 mM morpholinepropanesulfonic acid, 5 mM sodium
acetate, 0.1 mM EDTA [pH 7.0]) and 2.2 M formaldehyde.
RNA samples (5 R,g) were denatured in 50% formamide and
2.2 M formaldehyde by heating to 68°C for 5 min and then
electrophoresed at 1.2 V/cm for 16 h with recirculation of the
MOPS running buffer. After electrophoresis, the gel was
rinsed with water and then with 50 mM NaOH to partially
hydrolyze RNAs, after which it was equilibrated with 20x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
RNAs were transferred to nitrocellulose filters (0.45 ,um pore
size; Schleicher & Schuell, Inc.) by capillary diffusion and
baked at 80°C under vacuum.
For hybridization probes, we used a cDNA clone (a gift of

W. Spaan, University of Utrecht, Utrecht, Netherlands) that
consisted of a HpaII fragment representing nucleotides 636
to 840 of the MHV A59 nucleocapsid gene (RNA 7) provided
within vector SP65. To prepare an RNA probe, portions of
this plasmid were cleaved with Hindlll, and 0.5-,ug samples
of the linearized template were used in runoff in vitro
transcription reactions to generate minus-strand RNA 7
sequences. Reactions were performed according to standard
procedures (25), using SP6 RNA polymerase (Promega Bio-
tec). RNAs were radiolabeled by addition of 50 ,uCi of
[ox-32P]UTP (Amersham Corp.) to each 20-pAl reaction vol-
ume. Yields of about 5 to 10 ,ug of RNA containing 108 32p
dpm were typically obtained.

Nitrocellulose filters were prehybridized at 65°C for 3 h in
50% deionized formamide-5x SSC-2x Denhardt solution-
150 ,ug of sonicated salmon sperm DNA per ml-0. 1% sodium
dodecyl sulfate (SDS). Hybridizations were performed in the
same solution at 65°C for 18 h with 106 dpm of [32P]RNA per
ml. Filters were washed at 37°C in 2x SSC-0.1% SDS and
then at 37°C in 0.1x SSC-0.1% SDS, air dried, and exposed
to Kodak XAR-5 film.

Pulse-labeling and radioimmunoprecipitation of virus-spe-
cific proteins. Infected monolayers (105 cells per cm2) were
radiolabeled when 50 to 100% syncytia was observed but
before cell detachment. Medium was carefully removed
from each culture well, cells were rinsed twice with 0.85 M
NaCl, and methionine-deficient Dulbecco modified Eagle
medium containing 4% calf serum and 100 ,uCi of
[35S]methionine (Amersham) per ml was added. After 1 h at
37°C, the labeling medium was removed, and cells were
again rinsed twice with 0.85 M NaCl to remove unincorpo-
rated methionine. Cytosol extracts were prepared by solu-
bilizing the cells to 5 x 106/ml in lysis buffer (TNE containing
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0.5% NP-40, 0.3 trypsin inhibitor units of aprotinin per ml,
and 1 mM phenylmethylsulfonyl fluoride) and by subsequent
clarification by centrifugation (14,000 x g for 2 min).

S was immunoprecipitated from the extracts with rabbit
antiserum (kindly provided by K. Holmes, Uniformed
Health Services, Bethesda, Md.) and staphylococcal protein
A (15). Samples (0.1 ml) were preabsorbed with 0.01 ml of a
10% (vol/vol) suspension of Pansorbin (Calbiochem-
Behring) in lysis buffer, clarified, and incubated with 0.001
ml of antiserum for 1 h at 22°C. A 0.025-ml amount of 10%
Pansorbin was added; 15 min later, the immune complexes
were pelleted (14,000 x g for 1 min) and washed once with
Tris (0.01 M Tris hydrochloride [pH 7.2]) containing 1 M
NaCl and 0.1% NP-40, once with Tris-0.1 M NaCI-0.001 M
EDTA-0.1% NP-40-0.3% SDS, and once with Tris-0.1%
NP-40. The final pellet was mixed with 0.1 ml of solubilizing
solution (0.062 M Tris hydrochloride [pH 6.8], 2% SDS, 5%
2-mercaptoethanol, 2.5% Ficoll [Pharmacia Fine Chemi-
cals]) and heated for 5 min at 100°C. Samples (0.02 ml,
corresponding to 105 cells) were electrophoresed on Laem-
mli slab gels containing 3% (wt/vol) and 8% (wt/vol) acryl-
amide in the stacking and resolving gel components, respec-
tively. After electrophoresis (10 V/cm for 5 h), gels were
soaked for 2 h in 10% acetic acid-25% methanol, vacuum
dried, and exposed for 2 days to Kodak XAR-5 film.

Antipeptide antibodies. Three antipeptide antibodies were
used. Each was directed against peptides derived from the
sequence of the S protein of MHV A59. These were peptide
A (CAQPDIVSPC; S amino acids 481 to 490), peptide B
(CVDYSKSRRAHR; amino acids 706 to 717), and peptide C
(SVSTGYRLTTC; amino acids 718 to 727). Peptides were
synthesized, purified, linked to keyhole limpet hemocyanin,
and used to immunize rabbits by previously described pro-
cedures (3). Anti-A and anti-C sera were used for Western
blotting (immunoblotting) at 1:100 dilutions; anti-B serum
was used at 1:500. For all antisera, specificity was demon-
strated by blocking reactivity against S with free peptide as
described elsewhere (3).

Western blot analysis. Samples for Western blot analysis
were prepared by concentrating virions from clarified infect-
ed-cell lysates. Lysates (10 ml) were underlaid successively
with 9-ml volumes of 10, 20, and 30% (wt/wt) sucrose
solutions in HNE buffer (0.05 M sodium N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.0], 0.1
M NaCl, 0.001 M EDTA) containing 0.01% bovine serum
albumin, and then virions were pelleted through the sucrose
solutions by using a Beckman Spinco SW28 rotor (25,000
rpm for 5 h at 5°C). Pellets were resuspended in 0.5 ml of
ice-cold HNE buffer and stored at -70°C.
For electrophoresis, 0.01- to 0.02-ml samples of each

resuspended pellet were mixed with an equal volume of 2x
solubilizing solution and heated to 100°C for 5 min. Electro-
phoresis was in continuous slab gels containing 7.5% (wt/
vol) acrylamide, 0.1 M Tris base, 0.1 M bicine (N,N-
bis[2-hydroxyethyl] glycine), and 0.1% SDS (14) at 10 V/cm
for 6 h without recirculation of the 0.01 M Tris base-0.01 M
bicine-0.1% SDS running buffer. Unlike the discontinuous
Laemmli gels, Tris-bicine gels permitted the penetration of
high-molecular-weight oligomers of S into the resolving
matrix. After electrophoresis, proteins were transferred
electrophoretically as described previously (4) onto 0.2-
,um-pore-size nitrocellulose filters (Schleicher & Schuell) for
2 h at 1 A with continuous cooling of the transfer buffer
(0.025 M Tris base, 0.2 M glycine, 20% methanol). Rainbow
markers (Amersham) were used to monitor both Tris-bicine

gel resolution and efficiency of protein transfer to nitrocel-
lulose.

After transfer, the filters were preblocked overnight at 4°C
in blotting buffer (phosphate-buffered saline containing
0.05% Tween 20 and 2% skimmed milk powder) (13) and
then incubated with the indicated dilutions of antipeptide
antiserum in the same buffer for 4 h at 22°C. Unreacted
antibody was removed by successive washes with blotting
buffer, and bound immunoglobulin was detected with 1251_
labeled Staphylococcus aureus protein A (2 x 106 cpm/ml in
blotting buffer). Excess radioactivity was removed by exten-
sive washes with phosphate-buffered saline containing
0.05% Tween 20; filters were then air dried and exposed to
Kodak XAR-5 film with Dupont Cronex Lightning-Plus
intensification screens at -70°C.
Measurement of viral RNA synthesis by [3HJuridine incor-

poration. Medium from 1-cm2 wells containing 105 infected
DBT cells was carefully removed at the indicated times and
replaced with fresh medium containing 5 ,ug of dactinomycin
(Calbiochem-Behring) per ml. After 30 min at 37°C, super-
natants were replaced with labeling medium containing 5 ,ug
of dactinomycin and 10 ,uCi of 5,6-[3H]uridine (Amersham)
per ml. After an additional 30 min at 37°C, labeling medium
was removed, and lysates (106 cells per ml) were immedi-
ately prepared by addition of TNE containing 1% NP-40.
Duplicate 0.025-ml samples were spotted onto Whatman
GF/C filters, which were then air dried before successive
washes in 20% (wt/wt) trichloroacetic acid, 8% trichloroace-
tic acid, 95% ethanol, and diethyl ether. Radioactivity was
measured by liquid scintillation spectroscopy.

RESULTS

Identification of neutralization-resistant variants of MHV-4
with deletions in RNA 3, the S gene. Previous studies have
shown that different isolates of MHV often show a marked
size heterogeneity in the S gene (21, 26, 35, 36). Therefore,
initial experiments were designed to compare the relative
sizes of our wild-type and variant mRNAs by agarose gel
electrophoresis. Since this method is known to clearly
distinguish 5% variations in RNA size (19), we anticipated
that differences of greater than 400 bases could be identified
in the 8.3-kilobase mRNA 3. To this end, total cytoplasmic
RNAs from cells infected with either MHV-4, MHV A59, or
two representative MAb-selected variants were subjected to
electrophoresis in denaturing gels and detected by hybrid-
ization with radiolabeled RNA specific for the common
3'-end nucleocapsid gene sequences found in all seven MHV
mRNAs. This analysis revealed that both independently
selected variants, V4B11.3A(86) and VSA13.1A(86), con-
tained significant deletions of about 400 bases in the S gene
(Fig. 1). As predicted from the 3'-coterminal nested-set
arrangement of coronavirus mRNAs, the deletion was re-
flected only in RNAs larger than RNA 4, although it was not
readily resolved in the very large genomic-size mRNA 1.

Localization of two distinct S deletions to sequences within
the middle of the amino-terminal Si fragment. To demon-
strate that deletion mutations in the S gene were reflected at
the protein level, Sac- cell cultures were infected separately
with MHV-4, MHV A59, and the various MAb-selected
variants and then pulse-labeled from 11 to 12 h postinfection
with [35S]methionine. Cell-associated S was then immuno-
precipitated with anti-S rabbit serum and subjected to elec-
trophoresis.
The resulting autoradiogram (Fig. 2) illustrates the relative
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FIG. 1. Electrophoretic comparison of virus-specific RNAs from
Sac- cultures infected with MHV-4, MHV A59, and original neu-
tralization-resistant variants. Cell monolayers were inoculated with
the indicated viruses and incubated at 37°C until 14 h postinfection;
then cytoplasmic extracts were prepared, and RNA was isolated by
phenol-chloroform extraction. RNAs (5 ,ug per lane) were dena-
tured, subjected to gel electrophoresis, and transferred to nitrocel-
lulose. Virus-specific RNAs were visualized by autoradiography
after hybridization with a 32P-labeled transcript complementary to
213 nucleotides of MHV A59 mRNA 7. Recognition of MHV-4 and
variant-specific RNAs by this probe is due to extensive homology
between the RNA 7 segments of MHV-4 and MHV A59.

sizes of the various S proteins. Variants V4B11.3A(86) and
V5A13.1A(86), which previously were scored as deletion
mutants in Northern blot analyses, synthesized S chains
estimated to be 15 and 12 kDa, respectively, smaller than
wild-type S (Fig. 2, lanes 2 to 4 and lanes 6 and 7). Both
mutants synthesized S polypeptides 16 kDa smaller than
wild-type virus when radiolabeling was done in the presence
of the glycosylation inhibitor tunicamycin (data not shown),
indicating that about 150 amino acids were deleted and that
the small differences in mobility between the two mutant
chains (15 versus 12 kDa smaller than wild-type S) resulted
from differences in the extent of glycosylation. In addition,
the migration of S from MHV-4 was slightly less than that
from MHV A59 (Fig. 2; compare lanes 2, 5, and 8). This
observation, in conjunction with previous sequence informa-
tion on S from MHV A59 and JHM (21, 28), indicated that
the order of S size on these strains is MHV-4 > MHV A59 >
MHV JHM.
To localize these deletions to a specific region of S, we

took advantage of the fact that S-polypeptide sequences
have been deduced from the nucleotide sequences of both
MHV A59 (21) and MHV JHM (28). Using this information
as well as the location of the proteolytic cleavage site of S,
we synthesized peptides corresponding to three regions of
the chain (Fig. 3). Peptide A, which corresponds to residues
near the middle of the MHV A59 S1 fragment, is not
represented in MHV JHM S and thus represents a region of
polymorphism between the two viruses. Peptides B and C
represent the MHV A59 sequences flanking the arginine-rich
S1-S2 cleavage site. After proteolysis, peptide B and C

- -30

-_ - . __-B6B

1 2 3 4 5 6 7 8 M
FIG. 2. Relative electrophoretic mobilities of S (180-kDa) chains

synthesized in cultures infected with MHV-4, deletion variants, and
MHV A59. Infected Sac- cell monolayers were radiolabeled with
[35S]methionine from 11 to 12 h postinfection. Immediately after
labeling, cell sheets were dissolved, and S molecules were immu-
noprecipitated from the cytoplasmic extracts with rabbit antiserum
directed against S. The resulting precipitates were electrophoresed
in discontinuous slab gels as described in Materials and Methods
and detected by autoradiography.

sequences reside on amino-terminal Si and carboxy-ter-
minal S2 fragments, respectively.
We anticipated that rabbit antisera raised against these

three peptides would prove useful in the localization of S
deletions in MHV-4 to fragment S1 or S2. Therefore, virion
proteins from MHV strains and variants were tested for
reactivity with the anti-peptide A, B, and C antisera by
Western blot analysis. Anti-A serum (Fig. 3A) reacted with
the Si chains of MHV-4 and MHV A59 but not with the
variants V4B11.3A(86) and V5A13.1A(86). Strong binding to
a previously unidentified band specific to MHV-4 at 75 kDa
(designated p75) was also observed; this protein may repre-
sent an alternate S cleavage product. The signal at the
position of nucleocapsid (N) was not specific, as judged by a
failure to block this binding by prior saturation of antiserum
with free peptide A (data not shown). Anti-B serum reacted
with the S1 proteins of all four viruses; with the exception of
the bands for V5A13.1A(86) and MHV A59, each S1 band
had a characteristic electrophoretic mobility. Anti-C serum,
which reacted strongly in the analysis, identified two major
bands at about 90 and 270 kDa. These bands, which coelec-
trophoresed in all MHV strains and variants, likely represent
monomers (90 kDa) and trimers (270 kDa) of S2. Together,
these results indicate that the major deletions in our MAb-
resistant variants are located on fragment S1 and include a
region that has been previously shown to be absent in MHV
JHM.

Reselection of neutralization-resistant variants of MHV-4
yields both point and deletion mutants. Additional analyses of
viral RNA and protein electropherotypes revealed that all of
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FIG. 3. Localization of the S deletions in 1986 variants to amino acid sequences present in the middle of the amino-terminal S1 fragment
by Western blot analysis. Virions harvested from Sac- cultures were solubilized by heating to 100°C for 5 min, and proteins were separated
on Tris-bicine slab gels before electrophoretic transfer to nitrocellulose sheets. Immobilized proteins were then incubated in the presence of
rabbit antipeptide antibodies A, B, and C, directed against the indicated portions of the MHV A59 S protein. After a second incubation with
'25I-labeled protein A, the sheets were rinsed, air dried, and exposed to Kodak XAR film.

the original neutralization-resistant variants selected in 1986
were deletion mutants. Indeed, examination of 1988 MHV-4
stocks, prepared after three 1-day passages of the 1986
MHV-4 population in Sac- culture, revealed that deletion
mutants were present in proportions high enough to be
detected as a minor RNA 3 species in Northern blot analyses
(data not shown). This finding suggested that once formed,
deletion mutants are selectively amplified in Sac- culture,
but it did not provide information regarding the frequency of
their formation.
To determine whether deletions are frequently generated,

we first isolated MHV-4 from the 1986 stock by repeated
plaque purification, and a 1989 stock was prepared by three
1-day amplifications of the virus obtained from a single
plaque. Because the deletion mutants V5A13.1A(86) and
V4B11.3A(86) were known to be equally resistant to both
MAbs 4B11.6 and 5A13.5 (7), we next subjected the 1989
stock to both of these MAbs, singly and in combination. As
controls, the earlier 1986 stock as well as the 1988 stock
known by Northern analysis to contain high proportions of
deletion mutants were tested.
The results of the neutralization tests (Table 1) indicated

that the passaged 1986 and 1988 stocks contained variants
resistant to both MAbs at frequencies of 1o-3 and 10-1,
respectively. In contrast, variants resistant to both MAbs
were not present among 2 x 1Os PFU of the replaqued 1989
stock (Table 1). Instead, infectivity remained only when

MAbs were used singly. These two newly selected variant
populations, termed V4B11(89) and VSA13(89), were se-
lected from the replaqued 1989 stock at frequencies of 3 x
1o-5, well below the variant frequencies present in the
earlier-passaged stocks.

After three rounds of neutralization, we characterized
these newly selected populations by first analyzing their
patterns of resistance to neutralizing S-specific MAbs. Un-
like the deletion mutants, these 1989 variants displayed
resistance only to the MAb used to select them (Table 2).
Second, the relative growth rates of the single-MAb-re-
sistant variants were compared with wild-type MHV-4 and

TABLE 1. Frequencies of MAb-resistant variants in
MHV stocksa

% PFU resistant to selecting MAb
MHV-4 stock 4B11.6 +

4B11.6 5A13.5 5A13.5

1986 0.24 0.45 0.11
1988 12 20 13
Replaqued, 1989 0.0027 0.0027 <0.00045

a Virus stocks were mixed with an equal volume of a 1:10 dilution of MAb
ascites fluid and incubated for 1 h at 22°C. Serial dilutions were prepared by
using 1:20 dilutions of MAb and seeded on DBT cell monolayers. MAbs (1:50)
were present in the overlay medium during the 3-day plaque development
period.
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TABLE 2. Neutralization resistance patterns for selected variants

Neutralization byb:
Virus'

4B11.6 5A13.5 5B19.3

MHV-4 (replaqued, 1989) + + +
V4B11.3A(86) - - +
V5A13.1A(86) - - +
V4B11(89) - + +
V5A13(89) + - +
V5A13/4B11A&(89) - - +

a Virus samples (100 PFU in 0.25 ml) were incubated with MAbs under the
conditions used for variant selection (see footnote to Table 1) and then plated
on DBT cells for development of plaques.

b +, MAb effectively neutralized all infectivity (>99% neutralization); -,
MAb did not diminish plaque formation more than 30% relative to control
values.

deletion mutant V5A13.1 in Sac- culture. After low-multi-
plicity infection, the deletion mutant grew to the highest
yields (106 PFU/ml), followed by wild type MHV-4 and
V5A13(89) (both 105 PFU/ml) and then V4B11(89) (5 x 102
PFU/ml) (Fig. 4). Finally, the virus-specific RNAs as well as
the S proteins produced in these infected Sac- cultures were
compared electrophoretically (see legends to Fig. 1 and 2).
Coelectrophoresis of RNA 3 as well as its S translation
product was observed for MHV-4, V5A13(89), and
V4B11(89) (data not shown). Thus, these newly selected
variants constituted two classes of mutants with either single
amino acid substitutions or very small deletions undetect-
able by gel electrophoresis.
We anticipated that serial passaging of MHV-4,

V5A13(89), or V4B11(89) in Sac- cells might result in the
regeneration and amplification of rare viable S1 deletion
mutants. Such a mutation, particularly if it occurred in the
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FIG. 4. Time course of MHV-4 and variant virus production in
Sac- cell culture. Cells were distributed into 35-mm-diameter tissue
culture wells and allowed to grow to confluence (2 x 106 cells per

well) before inoculation with the indicated viruses at 0.005 PFU per

cell. After virus absorption, unattached inoculum was removed and
2 ml of medium was added to each well. At the indicated times after
infection, cells were scraped into medium, and the resulting suspen-
sions were frozen at -70°C. Infectivity in the clarified freeze-thaw
extracts was determined by titration on DBT indicator cells.

low-yielding V4B11(89) population, would likely confer a
growth advantage in cell culture. We found, however, that
seven 1-day passages of V4B11(89) at low multiplicity
(<0.01 PFU per cell) in the constant presence of MAb
4B11.6 (1:50x) resulted in virus with markedly improved
growth properties (>105 PFU/ml), suggesting that an addi-
tional growth-restoring mutation(s) had occurred, but the
virus did not concomitantly acquire MAb 5A13.5 resistance.
Similarly, 15 passages of MHV-4(89) in the absence of any
MAb did not result in detectable levels of virus resistant to
both MAbs 5A13.5 and 4B11.6 (<1 in 106 PFU). During this
passaging, variants resistant to a single MAb remained
similar to that seen in minimally passaged MHV-4. Only
when low multiplicity passage of V5A13(89) was performed
in the presence of MAb 5A13.5 were we able to obtain virus
resistant to both MAbs 5A13.5 and 4B11.6, which by pas-
sage 7 reached 5% of the population. Thus, in only one of the
three independent serial passages were we able to select a
doubly resistant virus.
RNAs from cells infected with each of the three serially

passaged virus populations were analyzed by Northern blot
hybridization. Only the double-MAb-resistant variant
V5A13/4B11A(89), which was selected after passage of
VSA13(89), synthesized a smaller RNA 3 (data not shown).
Western blot analyses were also performed on the virion
proteins of V4B11(89), VSA13(89), and V5A13/4B11A(89),
using antipeptide A, B, and C antisera. Antipeptide A serum
reacted with S1 as well as p75 from wild-type MHV-4 and
the two single-resistance mutants but not with the doubly
resistant mutant (Fig. 5). Antipeptide B serum identified
coelectrophoresing S1 in MHV-4 and the single-resistance
mutants; the increased mobility of S1 from the double-
resistance mutant was consistent with a 15-kDa deletion in
this chain. Antipeptide C serum bound to coelectrophoresing
S2 cleavage products from all virions; trimers of S2 were
also seen in three of the four preparations. These analyses
reinforced the contention that virus resistant to only one
MAb contained point mutants, whereas virus resistant to
both MAbs contained at least one deletion in S1 whose size
and location was similar to that seen in the original 1986
mutants.

Variants with deletions in S are selectively amplified only in
cell lines sensitive to virus-induced cell fusion. In four of six
murine cell lines, we found MHV-4 to be highly cytopathic,
with virus-induced cell fusion ultimately resulting in destruc-
tion of the cultures. These fusion-sensitive cultures included
DBT and Sac-, two lines generally used for propagation of
virus, as well as C1300 and Neuro 2A, two peripheral
neuroblastoma cell lines. All of the deletion mutants, al-
though cytopathic, exhibited a delayed induction of fusion in
these four cell lines. By microscopic examination, this was
most evident in the DBT cell line. After inoculation at high
multiplicity, cell fusion reached 30% by 6 h postinfection in
wild-type-infected cultures, whereas a similar degree of
fusion was not observed until 12 h postinfection in parallel
V5A13/4B11A(89)-infected cells (Fig. 6). Even after 24 h,
when detached syncytia were all that remained in MHV-
4-infected cultures, variant infection failed to recruit about
half of DBT cells into syncytia (Fig. 6, bottom panels).

Direct assays of viral titers produced in these fusion-
sensitive cell lines showed that delayed cytotoxicity was
correlated with higher yields. In DBT and Sac-, the output
titers of deletion variants V4B11.3A(86) and V5A13.1A(86)
were 10 to 100 times higher than titers of wild-type MHV-4;
in C1300 and Neuro 2A, the yields of deletion mutants were
similarly 5- to 10-fold higher than yields of wild-type virus
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FIG. 5. Characterization of newly isolated (1989) variants by Western blotting. Virion proteins were probed with antipeptide antibodies
A, B, and C (panels A, B, and C, respectively) as described in the legend to Fig. 3. Before analysis, the viruses were passaged three times
[MHV-4 and VSA13(89)] or five times [V4B11(89)] in Sac- cells. V5A13/4B11A(89) was selected from V5A13(89) at passage 7 and then
amplified twice before virion purification.

(Table 3). Essentially identical results were obtained with
the reselected V5A13/4B11A(89) deletion mutant (data not
shown).

In contrast to the fusion-sensitive lines, two neuroblasto-
mas derived from murine olfactory bulb, lines OBL 21 and
OBL 21A, produced progeny virus in the absence of cyto-
pathic effect or cell fusion. These two cultures produced
similar but low yields of both wild-type and deletion mutant
virus (Table 3). In addition, murine brains inoculated intra-
cerebrally consistently produced more wild-type virus (Ta-
ble 3). Together with the observations made for the fusing
cell lines, these results suggest that the deletion mutants do
not have an inherent ability to produce more progeny but
rather that their reduced cytotoxicity simply allows cells to
survive long enough for continuation of virion RNA, protein,
and progeny PFU production.

This hypothesis was tested by monitoring the rate of
virus-specific RNA synthesis in DBT (fusion-sensitive) and
OBL 21A (fusion-resistant) cells infected with either wild-
type or variant MHV. Such measurements are relatively
straightforward because coronavirus mRNA synthesis is not
blocked by dactinomycin, an inhibitor of DNA-directed
RNA synthesis (27). Thus, the incorporation of [3H]uridine
into acid-insoluble material after dactinomycin treatment is
indicative of viral RNA synthesis rates.

Incorporation studies showed that in the first 10 h of DBT
infection, the kinetics of RNA synthesis were nearly identi-
cal for the two viruses; from 10 to 28 h postinfection,
however, variant RNA synthesis continued, whereas wild-
type RNA synthesis rapidly declined (Fig. 7A). Viral RNA
synthesis in MHV-4-infected DBT cultures was no longer
detectable by 14 h postinfection; however, variant-specific

RNA synthesis was observed even after 28 h. This RNA
synthesis profile correlated well with the differential rate and
extent of cell destruction in the two infections (Fig. 6). In
addition, the time course was consistent with the observa-
tion of 100-fold-higher variant virus yields at 24 h postinfec-
tion (Table 3). Infectivity of MHV is known to decline
rapidly at 37°C in medium at neutral pH (32). Thus, both the
decreased overall production of MHV-4 and the longer
period of progeny virus inactivation occurring between the
end of the growth cycle and the time of virus harvest
contributed to the lower yields of MHV-4.

In contrast to the DBT cells, daily monitoring of MHV-4
and variant RNA synthesis rates in OBL 21A cells revealed
similar incorporation in the two cultures at 1 day postinfec-
tion (Fig. 7B). This result was consistent with the similar
yields of the two virus types in this line (Table 3). The higher
rates of MHV-4 RNA synthesis at days 2, 3, and 4 (Fig. 7B)
may reflect a slight preference for the replication of this virus
during long-term OBL 21A infection.

DISCUSSION

In this report, we have demonstrated selection of MHV-4
populations containing various alterations in the S peplomer.
Two types of heterogeneity were observed. First, putative
point mutants were isolated. These variants represent the
expected outcome of neutralizing MAb pressure on the RNA
virus population. Second and more striking was the obser-
vation of deletion mutants lacking about 400 nucleotides in
the middle portion of S fragment S1. The size of these
deletions is remarkably similar to that of previously identi-
fied S-deletion mutants (26, 35); determination of whether
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FIG. 6. Illustration of cytopathic effects produced by MHV-4 and variant VSA13/4B111A(89). DBT cells (2 x 10/m)were inoculated at
2 PFU per cell and photographed at the indicated times postinfection with a Nikon Diaphot phase-contrast microscope. Magnification, x200.

these other deletions also map to the Si fragment awaits
further studies.

Deletion mutations arise at lower frequencies than putative
point mutations. These two types of S heterogeneity are best
explained by high- and low-frequency errors made during
RNA polymerization. Substitution error frequencies of 10'
per base after a limited number of replications are commonly
observed in viral RNA polymerases (30). This high fre-
quency of error is similar to our observed frequency of
putative point mutants in minimally passaged stocks. Errors
giving rise to deletion mutants may arise by a copy choice
(also referred to as jumping polymerase) mechanism similar
to that proposed for the generation of defective interfering
(DI) RNAs in many viruses (18). A similar scenario has been
proposed for the generation of recombinants in cells coin-
fected with two different strains of MHV (17). In this
hypothetical scheme, a complex of RNA polymerase and
nascent genome is transferred from one template position to
another at homologous or nonhomologous sites. Replication
reinitiation and elongation direct the completion of a defec-
tive RNA or, in the case of MHV, viable deletion mutant or
true recombinant RNA genomes.

DI RNAs of MHV have been observed after multiple
passaging of virus stocks or after establishment of persistent
infection (22). As with DI virus generation, we could gener-
ate viable deletion mutants only after serial passaging; even
then, only one of three passages resulted in deletion selec-
tion. Thus, deletion mutation within the S open reading
frame is less frequent than point mutation and is very rare
relative to the previously reported 10% frequencies of RNA
recombination between closely related MHV strains (23).
Possibly this is because the transfer ofRNA polymerase and
nascent genome from its original site to a downstream site on
the template does not involve RNA base pairing, unlike the
event giving rise to true recombinants. Indeed, we have not
found homology between various deletion endpoints by
direct RNA sequencing (26a). In addition, low frequencies
may result because the only permitted deletion mutations are
those that do not compromise virus viability; frameshifts or
omissions of essential sequence information would result in
defective RNA genomes. Thus, these viable deletion mu-
tants likely arise at frequencies at least as low as those of
their nonviable counterparts, the DI RNAs.

Selective forces determine the size of the S gene of MHV-4.
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TABLE 3. Yields of wild-type and deletion mutant viruses
in selected neuronal and nonneuronal cell cultures and in

murine brain

Virus yieldsb

Host Fusion" idtpWild-type V4B11.3A(86) V5A13.1A(86)

DBTC + 2.2 208 188
SAC- + 320 3,000 2,800
C1300 + 192 1,280 800
Neuro 2A + 148 1,760 1,480
OBL 21 - 1.6 0.6 1.2
OBL 21A - 2.2 1.3 1.0
BALB/c braind

2 days 380 140 ND
4 days 57 14 2

a +, Synctium formation in MHV-infected cells; -, no synctium formation.
b Values for cell cultures are expressed as PFU x 10-4 per milliliter; values

for BALB/c brain tissue are expressed as PFU x 10-3 per gram. ND, Not
determined.

c Adherent cell monolayers (105 cells per cm2) were inoculated at 0.01 PFU
per cell. After 24 h at 37°C, virus released into each culture was titered by
plaque assay on DBT cells.

d Samples of 0.05 ml containing 103 PFU were inoculated intracerebrally
into 6-week-old mice (three mice per datum point). After the indicated
incubation periods, brains were removed and homogenized, and virus infec-
tivity in the resultant 10% (wt/vol) suspensions was determined on DBT cells.

Although the frequency of viable deletion mutants is clearly
very low, we have found that these mutants nonetheless
eventually amplify greatly in cell culture because of their
ability to yield more progeny than does wild-type virus. This
result clearly indicates that a 15-kDa domain in S fragment
Si is dispensable for in vitro virus growth and that its
presence actually limits virus growth in some but not all cell
cultures. However, our finding that the replication of dele-
tion mutants in the murine brain is poor relative to that of
wild-type virus suggests that this portion of Si provides
useful in vivo functions and that it would be maintained
through serial in vivo passages. In this regard, it is notable
that Taguchi et al. (36) isolated variants of MHV JHM from
the brains of Lewis rats that contained S apoproteins 15 kDa
larger than that seen in the virus stock used for inoculation.
One likely explanation for this result is that predominantly
deletion mutant inoculum was used and that selective repli-
cation of a minor component containing MHV-4-sized S
occurred in the rat brain. In a separate study by Morris et al.
(26), virus was isolated from the spinal cord of persistently
infected Wistar-Furth rats that harbored an S smaller than
the inoculum used. Taken together, these results suggest
that the host strain or the central nervous system location
(brain or cord) may control S size selection in vivo.
Decreased cytopathic properties are a common feature of

deletion mutants. All of our deletion mutants displayed a

relatively weak cytopathic effect and a longer growth cycle,
permitting higher yields of progeny virus than of wild-type
virus. In addition, all of the mutants were significantly
neuroattenuated when inoculated intracerebrally into
BALB/c mice (7; T. Gallagher, unpublished observations).
These characteristics are strikingly similar to those previ-
ously described for MHV JHM variants isolated from per-
sistently infected Sac- (2) and DBT (12) cells. Our finding
that infection of DBT cells with an S-deletion mutant leaves
a high proportion of infected survivors (Fig. 6 and 7)
suggests that persistently infected cells may select for vi-
ruses lacking this dispensable Si domain. Clearly, one

possibility that remains to be explored concerns the relative
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FIG. 7. Time courses of viral RNA synthesis in DBT (A) and
OBL 21A (B) cells infected with wild-type MHV-4 and deletion
mutant V5A13/4B11A(89) (2 PFU per cell). Identical monolayers of
uninfected (LI), MHV-4-infected (E), and V5A13/4B11A(89)-in-
fected (ED) cells were incubated at 37°C in complete growth medium;
1 h before the indicated times, cells were treated with medium
containing 5 ,ug of dactinomycin per ml. Pulse-labeling was initiated
0.5 h later by replacement with medium containing dactinomycin
and 5,6-[3H]uridine (0.01 mCi/ml). After a 0.5-h (DBT cells) or 2-h
(OBL 21A cells) labeling period, the acid-insoluble radioactivity
present in the adhered cell monolayer was determined by liquid
scintillation spectroscopy.

abundance of deletion mutants in the few cells surviving an
acute MHV-4 infection.
The correlation between the length and productivity of the

MHV growth cycle and the degree of cytopathology was
further reinforced by our finding that the two central nervous
system neuronal lines, OBL 21 and 21A, which were resis-
tant to the cytopathic effects of S, supported both wild-type
and deletion mutant viruses with equal but low efficiency.
Thus, it appears that one primary factor limiting the produc-
tion of MHV-4 in vitro is its propensity to kill fusion-
sensitive cells before extensive virion formation occurs. At
present, we know that MHV-4 synthesizes as much viral
RNA and S protein as do the deletion mutants at the early
stages of infection (Fig. 2 and 7). In addition, preliminary
pulse-chase analyses indicate that wild-type and mutant S
proteins are transported intracellularly and incorporated into
virions with identical kinetics. Therefore, we favor the
hypothesis that omission of sequences in the Si fragment
results in a decrease in the specific fusogenicity of the S
molecule.

Point mutants will be useful for the precise identification of
neutralizing epitopes. All available evidence supports the
contention that our newly selected 1989 variants contain
substitution mutations conferring resistance to neutralizing
MAbs. Thus, the nucleotide sequence of these variant S
genes, which is currently being determined, will no doubt
provide a more precise identification of the epitopes defined
by MAbs 4B11.6 and 5A13.5. At present, only one site
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involved in neutralization has been mapped on the S se-
quence of MHV (20). This MAb-binding site was conserved
among all MHV strains. In contrast, the MAb 4B11.6 and
5A13.5 epitopes are found only on highly virulent strains of
MHV (37). Detailed analysis of these epitopes associated
with virulence will contribute to an understanding of coro-

navirus pathogenesis.
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